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PROPANE-AIR FI;AMES AS A FITNCTION OF FLAME AREA, 
m 

By Thomas P. Clark  and David A. Bittker 

Radiation measurements have been made on open propsne-air flames 
to   f ind  the  extent  t o  which radiant flux intensi ty  can  be  used t o  
measure the  surface area of such  flames. For laminar  flames  of a given 
equivalence  ratio,  intensity changes linearly  with  both f ie1  flow rate 
and photographically measured surface =ea. Mreover,  the  intensity  per 
un i t  area of the flame depends  on only t he  equivalence  ratio. 

P 

Turbulent flame intensi ty  is  also proportional  to fuel flow  rate. 
Laminar and turbulent flames at identical  conditions of flow rate, equiv- 

intensi t ies .  Furthermore, the spectral   intensity,distributions  appear 
t o  be the same for  both types of flmnes, which suggests t h a t   t h e  
kinetics may also  be  the same, These resu l t s  are en t i re ly  compatible 
with  the  current  "extended  surface"  concept of turbulent  flame  structure; 
they do not, however, rule out  other  theories of the  structure of 
turbulent flames. 

t alence  ratio, and  burner diameter have approximately the same radiation 

Much of the   theoret ical  and experimental work on hydrocarbon 
flames has  revolved around the  concept of a Fundamental burning  velocity. 
This  burning  velocity  or "flame speed" is defined as t he  rate of advance 
of  a reaction zone in to  a nonturbulent gas stream. In most prac t ica l  
combustion systems guch as furnaces, conibustion chanibers, and a i r c ra f t  
power planta, however, the burning gases are highly turbulent. The need 
thus arises f o r  a study of the  burning  velocities of  flames in   turbulent  
gas mixtures. .I 

J One  common way of  expressing  the  fundamental burning velocity of a 
laminar flame is  as the  quotient of the  gas volume flow didded  by  the 
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flame surface mea. This r a t i o  wauld be a convenient method for  indi-  
cating  the fundamental  burning  velocity i n  turbulent  gas  mixtures 
except  that  "surface areas" i n  such  systems axe diffidt t o  measure. 
Not only  are  the  reaction zones in  rapid and continuous motion, but no 
certainty  exists  that   the  reaction zone or  "flame  surface" i n  the 
turbulent  case is ident ical   to  that in   the  laminar one. Even with 
laminar flames, which have been generally  accepted as standards,  the 
burning  velocity  apparently v a r i e s  along  the  surface of an open flame. 
The simple r a t i o  mentioned therefore  indicates  only an average  burning 
velocity f o r  laminar flames. 

Attempts have been made to  calculate.average burning velocit ies of 
conical  turbulent  flames  burning on tubes. In analogy t o  the sharp 
outline of a laminar flame image i n  a photographic  negative, a locus of 
maximuxu intensity was dram through the photographic image of a turbulent 
flame brush (fig.  1). As in  the  case of the  laminar flame, the  average 
surface  area of the  turbulent .flame w a s  determined by calculating  the 
area of the  surface of revolution of t h i s  maximum intensity  outl ine 
(refs. 1 and 2 ) .  When t h i s  method is used,  burning  velocities  in tur- 
bulent  gas  mixtures  appear t o  be  appreciably  higher  than  those  in 
laminar gas mixtures  having  the same composition. 

." .. 

.. - 

Several  explanations have  been put forth  to  explain this apparent 
difference  in  burning  velocity. These  can be grouped into chemical and 
physical mechanisms. The chemical  explanations assume influence6 
such as chauges in diffusion  rates,  transport  properties, and temper- 
ature  distributions have altered  the  basic  kinetics of the  reaction and 
thus  reaction zone thickness and burnfng  velocity  (ref. 3). The physical 
explanations assume tha t  whereas the  reaction zone.may be ei ther  a 
homogene-ous sheet o r  a heterogeneous m i x t u r e  containing  islands of h e ,  
the  reaction  kinetics have not changed. They poetulate. that   the tur- 
bulent  gas Flow has  wrinkled and folded the flame into a more  compact 
form. The surface i s  assumed t o  have been extended just  enough t o  allox 
all the gas flow t o  pass  through some portion of the  re&ction zone a t  the 
proper laminar burning  velocity  (ref 8 .  4, 5, 6). 

Any valid method of measuring  burning velocity  in  the  turbulent gas 
streams must not on ly  -measure the  surface  area of the flame but must 
also determine  whether  the  flame  surface i s  identical  both  physically 
and chemically to   t ha t  of an equivalent laminar flame. Photographs of  
some simply distorted flames in-  turbulent g8s streams have been measured 
and analyzed t o  determine t h e i r  surface axeas (ref. 5), but such a 
method is  not  feasible on the brush flames tha t  usually occur i n  tu r -  
bulent gas streams. 

The experimentation  described i n  this paper  represents an attempt 
t o  u t i l i z e  the l ight  coming from  a.-flame . . t o  . . . determine . . . . the Burface area 

". 
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of the  flame. R e l a t i v e  intensi ty  measurements of t h e   t o t a l  light flux 
radiated by the  flame  in  different  regions of the   v i s ib le  spectrum were 
used &tj an index of  the volume of t he  radiating reaction zone and thus 

surface" area. Distribution of radiation  throughout  the flame spec- 
trum w a s  studied as a c lue   to   the   s imi la r i ty  of the  chemfstry of  com- 
bustion  in  both laminar and turbulent gas streams. 
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Propane-air  flames  having  equivalence r a t i o s  ranging from 0.9 t o  
1.3 were examined at Reynolds mmfbers up t o  7000 and  average flow 
veloci t ies  up t o  65 feet per second. Turbulent  burning  velocities 
calculated  by  both  the  average  surface method and the  surface  radiation 
method under  consideration are compared. The extent of external a f r  
intermixing in   turbulent  flames is also indicated. 

CLOUDS OF RADWIOB SCKTRCES 

r;l 
5 When a radiation  detector is moved  away from a point  source of 

l igh t ,   the   l igh t  flux impinging on the  detector w i l l  decrease  according 
to  the  inverse  square l a w .  If a point  source of l i gh t  is increased t o  
a f i n i t e   s i z e  and the  distance from the  source  to  the  detector is made 
great   in  comparison with  the dimensions of the source, the  inverse 

source may be of any shape so long 88 i ts  maximum dimension is  small 
compared with  the  distance between the  source and the  detector. When 
this  si tuation  exists,   appreciable changes can be made In either the  
intensity  per  unit   surface area or t he  t o t a l  surface area of  t he  source, 
and a nominally  lineax  relation will exist between each of these va r i -  
ables and the   in tens i ty  of flux registered by the  detector  located at 
a constant  distance from the  60urce. Let a detector  be  placed at some 
relatively  large  distance from a small spherical homogeneous cloud of 
nonabsorbing emitters. This cloud is concentric to and completely con- 
tained  within  the  sphere o f  diameter d in   f i gu re  2, which defines  the 
l i m i t  of permitted error i n  the  inverse  square  relation. A s  the  radius 
of the  cloud is changed while  both  the nmiber of emitters per  unit  
volume and their   individual  strengths remain the  same, the  radiation 
Fntensity at the  detector w i l l  change linearly with the volume of the 
cloud. On the  other hand, i f  the  cloud  size is fixed and e i the r   t he  
number of emitters per   uni t  volume o r  the  individual  emitter  strengths 
a re  changed, the  detector will  then  regis ter   di rect ly   the relative 
radiation  intensit ies  per  unit  volume of the  c h d .  These statements 
w i l l  hold  true  for a nonabsorbing  cloud of  emitters of any arbitrary 

sphere  of diameter d. 

m square l a w  still  holds t o  a v e r y  close  approximation  (fig. 2 ) .  The 

c 

. s ize  o r  shape, so long as it remains within  the bounds of the  l imiting 
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The reaction zone of a laminar flame approximates  closely  the 
requirements for  the  hypothetical  cloud of emitters under  discussion. 
The emitters i n  the flame are largely  the  diatomfc  molecules OH, CH, 
CO, and C2. The visible spectrum  contains  mostly CH, CO, and C2, and 
a disperse  cloud  of such emitters does not  reabsorb  appreciably  (ref. 7 ) .  
Although the  distribution of emitters v a r i e s  through the  reaction zone, 
the luminous sheet  of t h e  flame  appears homogeneous at a distance, 
expecially if nonfocused radiant fluii6 measured.. Therefore,  the 
luminous inner cone of a laminar open flame can be  thought  of  as a 
homogeneous nonabsorbing  constant-thickness  sheet o f  radiating 
particles.   In  this  case  the flame surface  area i s  a direct  measure 
of the change i n  volume of the  reaction zone. Fuel flow rate at 
constant  equivalence r a t io  is also 'a measure of the  size-  ( i .e. ,   the 
volume) of the  reaction zone. 

APPARATUS AND PROCIXXJRE 

Apparatus 

Figure 3.is a diagram of t h e  apparatus  used in   this   invest igat ion.  
The basic  elements  are  the two burner  tubes, t h e  photomultiplier 
detector  unit,  with a micraammeter to   reg is te r  i ts  output, and a fixed 
focus box camera for taking  direct  photographs of the  flames. A mirror 
was placed as indicated, 24 inches above the.  burner  lip,  to  turn  the 
radiation 90' and direct  it to  the  photomultiplier  unit. The distance 
from the mir ror  to  the  photomultiplier  tube was  49 inches.  This  arrange- 
ment sa t i s f ied  two of the primary  requirements for  applying the  prin- 
ciples  discussed  in  the  previous  section.  Ffrst, by observing the flame 
from direct ly  above the  burner,  the  source  size w a s  kept as. constant as 
posslble. Second, the  distance between the flame and the  detector w a s  
kept large enough that  the flame could  be consi*-red.a point  source  of 
radiation. . .  " 

co 
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The camera waa mounted t o  take  direct photographs of  the flames 
from a direction  perpendicular t o  the axis of the flame. A water- 
cooled  metal  burner of 0.536 centimeter  inner  diameter,  equipped  with 
an annular p i lo t   fo r  holding  flames a t  high gas .flow rates, was used t o  
generate  the  turbulent flames. To obtgin. a vide. rwge .o f  laminar 
flames for  calibration purposes a larger water-cooled  unpiloted  metal " 

burner of  1.024 centimeter  inner  diameter was used. These burners were 
mounted 2.5  inches  apart at the same fixed. distance From the  photo- 
multiplier  tube and a lso  equidi6taut from the vertical  plane  through 
the geometric  center of i t 6  photosensitive  surface. A t  low flow rates  
flames were laminar on both  burners BO tha t  t h e  constancy  of t he  
laminar  flame  chazacteristics  could be checked on both  tubes. C.p. 
grade propane was used in  a l l  .the exper-imentsL sard Jhe.&el and a i r .  were 
metered By calibrated rotameters. 

. ." 
"" 

.. 

- 
c 

1- --. 



XACA FlM E m 9  5 

Intensity measurements were taken at two specific  regions of the 
spectrum  by using  either a yellow o r  a blue f i l ter  in   f ront  of the 
photomultiplier  tube.  Figure 4 shows a comparison of the  propane-afr 
flame spectra  with  the  transmission  characterfstics of the  two filters 
and the  photomultiplier  tube  sensitivity. The yellow f i l t e r   t r ansmi t s  
mainly the C2 radiation from the flame, whereas the  blue one allows 
radiations from C O Y  CE, and other emitters as w e l l  as some from C2 t o  
pass. . .. 

a. 

. .  . . 
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Procedure 

Intensity m e a s u r e m e n t s .  - Measurements were made on a ser ies  of 
laminar and turbulent f k e e  ranging in equivalence r a t i o  from 0.9 to 
1.3 and i n  t o t a l  flow rate from 120 t o  440 cubic  centimeters  per second. 
Whenever possible,  identical  composition and t o t a l  flow rate  conditions 
were used t o  generate and measure a leminar flame on the  large burner 
and a tmbulent  flame on the small, piloted  burner. At low flow rates  
Laminar flames of the same composition  and flow r a t e  were measured on 
both  burners. Each flame was measured using the blue and the  yellow 
filters i n  turn in   f ron t  o f  the  photomlt ipl ier   uni t .  Three readings 
were made f o r  each measurement. k i n g  the measurement of the lamfnar 
flames it was found that t he   r a t io  of intensit ies  using  the t w o  f i l t e r s  
depended only on the  equivalence  ratio of the flame  and not on the gas 

the gas metering  system. 
r flow rate or  burner  size, so that t h i s  r a t i o  could be  used t o  check 

Photographic measurement of flame surface  areas. - Simultaneously 
with  intensity  data,  direct  photographs .were taken of all the  laminar 
flames  and ma& of the  turbulent f&s. Areas of the laminar f Lames 
were calculated from these  photographs by using a modification of  the  
method described in   reference 8. A similar procedure w a a  used t o  
calculate  average  surface  areas of the turbulent  flames  according t o  the 
ideas expressed  in  referencee 2 and 3. The de ta i l s  of these  calculations 
are  presented it3 the ELppendix, where a diecussion of  the  experimental 
error of t h i s  work will also be found. 

Laminar  Flame Intensity Measurements at Different 

Flow Rates  and  Equivalence  Ratios 

I Figures 5 and 6 show that   l inear   re la t ions  exis t  between intensi ty  
and both fuel f l o w  rate and flesle  surface area for Laminar propane-air 
flames up t o  equivalence ratios of 1.3. Equivalence r a t io s  of 1.4 and 
1.5 showed the stme l inear   intensi ty   re la t ion with fue l  f l o w ,  but  the 
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flames were too unsteady and lacking in t i p   i n t e n s i t y   t o  be  photo- 
graphed for the purpose of  m a k i n g  surface area measurements of: the 
flames. 

These experimental data f o r  laminar flames 011 the 1.024 centimeter 
diameter  tube were limited by  the blow-off  and  flash-back of the flame 
a t  equivalence  ratios  less  than 1.0 and low flows. A t  high t o t a l  flows 
and richer  equivalence  ratios,  the data were limited by the  occurrence 
of flame unsteadiness,  flame  turbulence, or flames too long for   the  
experimental  error s h e  limit imposed by the equipment. Thus the data 
represent  the  total  range of dah obtainable on the 1.024 centimeter - 5  
diameter  tube  with  propane-air  mixtures at atmospheric  pressure. With- 
in  these limits the  experimental  data  are  compatible  with the  prin- 
ciples of radiation measurement expressed  previously. These data are 
tabulated  in  table I. 

. .  
. -  

u) 

The photomultiplier  unit  picks up. a small  .amount of carbon 
monoxide radiation from the  outer  mantle of a f h e .  Although t h i s  
radiation may be a  significant B a r t  of that passed by the  blue f i l ter ,  
a smaller mount is passed by the yellow f i l t e r .  The fraction of the 
t o t a l   r a a a t i o n  due t o  the mantle has not been  determined emeri- . " 

mentally. In interpreting  the  l inear behavior  .of...the  intensity curveB 
of both the yellow and t h e  blue filters, the  effect  of the radiation 
from the  outer mantle w a s  neglected. 

. .  -_ 

. . " 

. 
Filter  Intensity-Ratio Method of  Measuring 

Equivalence  Ratio af Laminar Flames 

.. 

T h e  comparison of filter intensity  curves  in  ei ther figures 5(a) 
and (b) or  6(a) and (b) indicates  that  the  straight  lines f o r  a single 
equivalence r a t io  have a different  slope f o r  the  yellow and the  blue 
filters. When the r a t io  of the yellow  and the .>lue filter intensi ty  
data i s  plotted  against  equivalence  ratio,  the  curve shown i n  figure 7 
i s  obtained. The ratio is- independent of fl& velocity  within  the 
range s h w   i n   t h e  curves. The f i l ter  r a t io  i s  therefore an indication 
of the  equivalence  ratio o f  the  flame. 

The curve  appears to   l eve l   o f f  from an equivalence r a t io  of 1.3 
t o  1.4 as shown. In addition ta the   effects  of flame temperature and 
mixture  composition, this leveling-off might be due t o  the fac t  that 
the  r icher flames mix with  the  surrounding air and actuaJJy burn at 
equivalence r a t io s  af approximately 1.3 even thou@  the flames are 
laminar. Burning velocity measurements on such r ich  f h e s  should be 
an  index of  whether  they a re  burning a t   t h e   i n i t i a l  premixed eguiv- 
alence ratio or at some leaner  equivalence  ratio  caused by  secondary 

. .  
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- a i r  entrainment. Such flames are  too unsteadg. t o  be measurea  by the 
usual methods, however, and some procedure such 88 the  use of  the 
radiant flux method under  discussion must be  uti l ized. 

Surface  Intensity  Variations  in Laminar Propane-Air Open Flames 

Lean propane-air Bunsen flames appear t o  bave a conical  envelope 
CN of uniform intensity. As the  flames  increase  in  richness above an 
4 equivalence r a t i o  of 1.0, however, the in t ens i ty   beghs   t o  dimfnfsh e\, 

m f r o m  the base to t h e   t i p  of  the cone, and t h e   t i p  thus appears t o  fade. 
A t  equivalence ratios of  1.2 and  higher,  the flames become less  steady 
and greater  portions of the  t ip   fade away. In   sp i te  of this t i p  
fading, the  re la t ion of in tens i ty   to  fuel flow and surface area r d n s  
l inear  f o r  the  higher  equivalence  ratios, as shown in  f igures  5 and 6 .  
This  l i nea r i ty  may be accounted fo r  by  assuming tha t  even  though in- 
creased gas  flow lengthens  the flame, the  proportional  surface  inten- 
s i ty   dis t r ibut ion remains constant  for a given  equivalence r a t io .  

When intensity  per  unit  surface area i s  calculated, it is found 
t o  depend on only  Fuel-air r a t i o  and  not on t o t a l  gas flow rate .  The 
variation of the  unit  area  intensity  with  equivalence  ratio does show 
the  effect  of the fading, as indicated by the drop-off in  the  yellow 
and b l u e   f i l t e r  curves In figure 8. The difference  in  the shape of 
t h e   m v e s  is probably due to the  different  radiations  passed by the 
two f i l t e r s .  The yellow filter passes mainly C2 radiation and thus 

over-all  average  intensity  per  unit  surface area. The b l u e   f i l t e r  
passes CH, HCO, and CO radiation as well as C2 radiation; $bus there i s  
the  interaction of variations of intensity  with  equivalence r a t i o  f o r  
each  emitter, as well as decreased  fntemities  per  unit   area caused  by 
t i p  fading.  Tip  fading,  unstable flames that could  not  be  satisfactorily 
photographed,  and the  cut-off  at equivalence  ratios of 1.3 for the 
yellow-blue filter r a t i o  a l l  combined t o  indicate  that  the  experimental 
data beyond equivalence ratios of  1.3 would be less relhble. 

* 

- shows an approximately  l inear  reution  unti l  t i p  fading decreases i t s  

When intensi ty  measurements w e r e  made on laminar flames seated on 
the  0.536 centimeter  diameter  tube, an anomalous tube  effect was dis- . 

covered i n  that the  intensity  readings f o r  this tube were less than  the 
values fo r  exactly  corresponding flames on the 1.024 centimeter  tube. 
Check measurements made under a l l  experimental  conditions of Fuel f lm 
and equivalence r a t i o  reva led tha t   in tens i ty   va lues  on the -all tube 
were about 14 percent less than the  corresponding  values on the large 
tube, and that the  difference was constant i n  all cases. A few experi- 
ments w e r e  performed  with glass burner  tubes  having  inner  diameters of 
0.577, 0.795, and 1.125 centimeters, and some typical   resul ts  of these 
experiments are compared with  the data from the m e t a l  burners  in 

.- " 
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figure 9. The "tube  effect"  decreases  in magnitude with  increasing - 
diameter and there i s  an indication that it disappears above a diameter 
of  1 centimeter. The intensity  variation w a s  not  caused  by light 
absorption for different  path  lengths o f  hot g~~ .for this poss$bility 
w a s  checked by examining flames from the side as well as from above. 
No change In the  intensity  difference was observed.  Neither was the 
intensi ty  decrease caused  by a decrease in   the  flame  surface  area, 
inasmuch as photographs of laminar  flames for  identical  conditions on 
both  tubes showed identical  flame surface =em. A t  the  present t e e  
no satisfactory  explanation can  be  given for this "tube  effect." 
Experimental work has shown that the  ra t io  of corresponding in tens i t ies  5 
between any two tubes is a constant, so that intensity data on two 
different  tubes can be compared directly  by  using  the  proper  correction 
factor.  In view o f  w h a t  bas been said,  the  intensity data shown in  
figure 8 are plot ted  for  pbmparison with data on the 0.536 centimeter 
diametertube,  although  they were taken  using  the 1.024 centimeter  tube. 
The correction  factor which ha6 been applied  to  the  large  tube data i s  
0.862. 

"I 

CD 

Surface  Intensity Measurements fo r  Equivalent 

Laminar and Turbulent Flames - .  

L 

By a suitable adjustment of the  inlet  conditions  to  the small metal 
burner it was possible t o  generate  either a laminar or   a .   turbulent  flame 
with  the same fue l  flow and metered equivalence ratio fo r  a limited 4 

range of t o t a l  gas flow rates.  P b e  intensity measurements on these 
flames are shown in   f igure 10,. The intensi t ies  are approximately the 
same f o r  corresponding laminar and turbulent  flames,  with a possible 
general  increase of about 3 percent  for  the-turbulen-tover  the laminar 
flames. The straight l ines   in   f igure  10 are drawn through the  laminar 
data only. 

. -  

. - _ .  

This comparison has  been  extended In   f i gu re  11, wherein the  s t ra ight  
lines  represent  the  laminar flame intensity  data from large  tube 
measurements shown i n  figure' 5. These data (shown i n  f ig .  +11 without 
data points) have been corrected by the  tube  factor of 0.862. Thus 
they  are.&ectly compared in   f igure 11.with the-  intensity measurements- 
which w e r e  taken of  turbulent flames on the small burner .at flow rates 
above which no laminar flames were obtainable. In both  figures 10 and 
11 the  turbulent flame intensi t ies   are  very close  to  the laminar values  
at low and  intermediate f l o w  rates;  they  begin t o  fall away from the 
extended.laminar flame c w v e ~  st the  higher flow rates. .me  data for 
turbulent flames are &own i n  table- 11. 

. .. 

. .  
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DISCTJSSION 

The radiant  f lux  intensity from laminar flames of a given  equiv- 
alence  ratio  has been  found t o  change l inear ly   with  the  s ize  of  t he  
reaction zone as measured by  e i ther   the fuel flow rate or t he  luminous 
surface area of  the flame. In addition, the  radiant  flux in tens i ty  
per  unit  area of E flame does  not depend on the   s ize  o f  the  reaction 
zone but only on the  equivalence r a t i o  of t he  confbustible mixture, t h e  
variable which has  the most important effect on the  umber of emitters 
per un i t  volume and on their   individual  strengths.  Thus it has  been 
demonstrated, within  the  range of  experfmental  conditions  covered, t h a t  
radiation measurements can be used t o  determine the  areas of laminar 
flames once a calibration curve has  been  obtained. 

In   the comparison of the  radiation  intensities  of  equivalent 

from the  two ty-pes of flame at  low and intermediate flow rates. More- 
over, t he   r a t io  of   intensi t ies  using the  two filters w a s  found t o  be 
the same f o r   t h e  laminu  and the  turbulent flames i n  all these cases. 
This i s  an indication that the  over-8.U dis t r ibut ion of  emitters is  the  
same in  these  equivalent flames, and suggests that   the   kinet ics  are 
also  the same. Turbulent flame in tens i t ies  start t o  fa l l  off from the  
extrapolated laminar flame curves at high t o t a l  flow rates as shown i n  

for. these turbulent flames w a s  a l so  lower than  that   for   the correspond- 
ing  laminar flames. This variation  indicated that the  actual  burning 

result from the  turbulent  gases  intermixing  with  the  surrounding a b .  
The  more lean burning m i x t u r e  could  account f o r  most of the   in tens i ty  
decrease at the higher gas flow rates. No discont inui ty   in   intensi ty  
was apparent as t he  flames changed from the  laminar t o  the  turbulent 
region. Even though a tube  factor f o r  intensi ty  waa found and the 
intensity  curves tailed o f f  at high gas flow rates, the  constancy of 
the tube factor for all condftions  and  the  apparent  equivalence  ratio 
compensation f o r  intensi ty   ta i l -off  suggested tha t  the in i t i a l   p r in -  
ciples of the radiant flux measurement as postulated f o r  laminar  flames 
also apply to   turbulent  flames. This  validity is apparent i n   t h e  curves 
of f igu res   l l ( a )  and l l ( b ) ,  where no break or discontinuity  appears  in 
the  . l inear   port ions of the   in tens i ty  curves as the flames change from 
the  laminar t o  the  turljulent  region. 

' laminar and turbulent flames, almost ident ical  values are obtained 

* figures 10 and 11. However, t he  yellow-to-blue f i l ter  intensi ty  r a t i o  

L m i x t u r e  might be leaner than the  premixed value. Buch an ef fec t  may 

Up to   the  present  t i m e  no sat isfactory method of measurhg  the 
true  surface area (assuming that it exists) of a turbulent f l a m e  has 
been  developed. The  "extended  surface"  concept of  the  s t ructure  of  a 
turbulent flame implies that the  flame does have a definite  surface 
area and assumes the reaction zone thickness   to  be the same as that of 
a laminar  flame (refs. 4, 5, and 6) .  The radiation  principles already 
verified f o r  laminar flames can  therefore be applied t o  this   type of 

. 
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turbulent flame. Under the  assumptions o f .  t& "extended  surface" 
idea,  the  turbulent flame intensity measurements can  be  used t o  cal- 
culate  the  true  areas of these  flames by employing the  plots  of 
figure 8 (intensity  per  unit area against  equivalence  ratio) as 
calibration  curves. The turbulent flame speea  calculatied  from  these 
radiation  surface areas can then  be compared with  the data shown i n  
figure 12, which i s  a plot  of Laminar flame speed  against  equivalence 
r a t io  f o r  a vaziety o f  laminar Reynolds numbers. 

The laminar surface  areas used to  obtain  the flame speeds were 
calculated from flame photographs 8.6 described i n  the appendix. Some 
variation exists in  the data fo r  the large ana the small tubes a t  the 
higher  equivalence r a t i o s ,  bu t   t h i s  variation is a t  most a 5 percent 
decrease in propagation  velocity f o r  the small tube. The Ufference 
may be  apparent rather  than  real, due t o '  s o w  a%ro.&"tm& effect  in the 
long t h in  flames of the  all tube,  since  the lower equivalence r a t i o  - 
flame  speeds are the same for  both  tubes. There  should  be no appreci- 
able  difference i n  f l m e  speeds measured on 0'. 500 inch  and 0.25 inch 
tubes  (ref. 8) .  

. . . .  

When the frustrum method i s  used to  calculate  the  surface areas 
o f .  turbulent flames as outl ined  in   the appendix, the  burning  velocities 
vary  with Reynolds nm.%er as shown in figure 13. .Similar resu l t s  have 
been  found by others (refs. 1, 2, and 4) .  

Figure 14 presents  the  results of  . - ". calculating . . - turbulent burning 
velocities  using flame surface  areas  obtained from the  raaiation 
intensi ty  measurements as suggested. For the f k s  a t  high flow rates 
the  equivalence r a t i o  of the burning  mixture w&6 taken as the  value 
indicated by figure 7 on the  basis of the  observed  yellow-to-blue f i l t e r  
intensity  ratio.  These  burning  velocities  are  approxiniateiy e@ t o  
the corresponding  laminar velocit ies and, moreover, do not depend on 
Reynolds number  (more exactly,  gas  flow rate)'. 

. "" 

.. . . . . . . . 

The present  investigation has not found a method of distinguishing 
among the  different  concepts of the  structure of turbulent flames. If, 
for  example, the  small-scale  distortions that ap?e& fn a turbulent 
flame front cause loca l  var ia t ions i n  t h e  @u~-iq$. yelocity,  perhaps as 
a resul t  of preheating  the  combustible  mixture,  the  resultant  extended. 
flame area would be less .than  the  coqespondlng.  laminar ,flame area. 
I f ,  on the  other .hand, as indicated i n  reference 3 .the  turbulent 'flame 
becomes a "homogeneous" reaction zwne in .xhich. t h e  . ch.emistry is 
entangled  with  the  turbulent. mixing ra te ,   the  manner of interpreting 

radiation intenstties pot cle-q,-,,A study of - the  effect  of gas 
i n l e t  temperature on the  luminosities of .Laminar flames and of-  the d i E -  
t ion of the unburned gas by conhustion products may aid i n  resolving - 
these  possibil i t ies.  . .  

- .. . - .  

. . ." - I " 

" 

-* - "" 

." 

.. . 

.. . 

s 
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The answer to   the  quest ian of whether a small surface element of 
a turbulent flame is  chemically and physically  the same as that of a 
corresponding  laminar flame w i l l  help  determina  the structure of tur- 
bulent flames. The f ac t  that both  intensit ies and filter intensi ty  
ra t ios   for  several pairs  of corresponding  flames are equal is the most 
significant evidence  obtained i n  this work and helps t o  answer this 
question i n   t h e  af f i rmat ive .  Although t h i s  evidence, in   addi t ion to 
the  calculations s h m  in figure 14, lend6  support t o  the idea that 
the two types of  flame. surface are swlar, it does not exclude  other 
concepts of the  structure  of a twbuleut_flame;  for exaple, that t he  
reaction zone of this   type of flame may be a thickened homogeneous zone 
However, it is very unl ikely  that   the   different  temperatures and con- 
centrations which would resu l t  from a thickened homogeneous zone would 
give rise to   the  ident ical   spectral   d is t r ibut ion of intensi ty  found fo r  
the laminar flame. The experimental technique developed i n  t h i s  work 
may be used t o  study  and compare  more exactly  the  properties of  t he  
surfaces of laminar and turbulent flames by employing an  optical  
system to  focus  locally on regions of both  types -of flame. One might, 
in  addition,  use a monochromator t o  study the  variation of individual 
emitter  distribution  over a given  flame  surface and also the   e f fec t  of 
changing inlet gas  temperature on this   dis t r ibut ion.  

SUMMARY OF KFSULTS 

Radiant flux intensi ty  measurements were made of lamiuaz and 
turbulent  propane-air flames between equivalence r a t i o  limits of 0.9 
and 1.3 f o r  Reynolds numbers up to 7000. The following resu l t s  were 
obtained  using a 1.024 centimeter diameter burner f o r  laminar flames 
and a 0.536 centimeter diameter burner f o r  both  laminar  and  turbulent 
flames : 

1. A t  a given  equivalence rat io   the  raafant  flux in tens i ty  of 
laminar flames i s  directly  proportional to fuel volume flow rate. 

2. A t  a given  equivalence  .ratio the radiant flux intensi ty  of tur- 
bulent flames is directly  proportional  to f ie1 volume flow rate. 

3. A t  a given  equivalence r a t i o  the radiant flux intensity  of 
laminar flames i s  directly  proportional t o  the  photographically meas- 
ured  surface area of  the  flame. 

4. Laminar and turbulent flames of ident ical  composition, flow 
rate, and burner m e t e r  have almost the same radiation  intensit ies.  
There is no discontinuity  of the l inear   intensi ty  curves i n  passing 
from the laminax to the  turbulent  region. 
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5. These regults are obtained when the. r s aa t ion   i n t ens i ty  is 
measured with  either R yellow f i l ter  or a blue filter ahead of the 
radiation  detector. -- . .  - ." 

6. The r a t i o  o f - the  radiant,  flux  intensities measured using the 
yellow and the   b lue   f i l t e rs  appeazs t o  depend on only the  equivalence 
r a t io  for laminar flames. This statement ha* true  for  turbulent 
flames at low and intermediate flow rates.  . 

" 

- 

- . .  . " "  

- .  

(D 
I" 
N 
M Lewis Flight Propulsion Laboratory 

National  Advisory Committee for Aerona;utics " 

Cleveland, Ohio, June 23, 1954 
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mmIX - CALcULc1TIONS 

Measurement of flame  surface  area. - In  the  case of the  shazply 
defined laminar flames, an enlarged  photograph of the  flame was  divided 
into a number of trapezoids, the slant-heights of which were strafght 
l i n e  segments of the  outer edge of the  luminous zone. The surface area 
of each  section of the flame so  generated was calculated by considering 
it t o  be a frustum of a right  circular cone. The t i p  of the  flame was 

w t reat& as a hemisphere. 
4 
co 
0 The average surface areas of the  rapidly  fluctuating  turbulent 

flames were calculated by first drawing a grid across an enlarged  photo- 
graph of the flame. Along.each  horizontal  line  across  the flame, the 
points of maximum intensi ty  of the  flame zone w e r e  visually estimated 
and marked. These points were then  connected by st raight   l ines  along 
the flame  perimeter,  thus  defining its  average surface c ross  eection 
except for the   t ip ,  which could  then be roughly  estimated by construct- 
ing an isosceles  triangle on the top trapezoid. !T!he average flame area 
w a s  then  calculated as for   the  hminar flames. 

This  technique w a s  checked f o r  both a lam3m.r and a turbulent  flame 
i n  one case by using a densitometer to   p lo t   the  envelope of maximum 
brightness  in  addition  to  estimating it visually. The two methods gave 
essentially  the same results for   the  laminas flame and differed by l e s s  

the expected  experimental error for t h i s  type of measurement. 
L than 3 percent  for  the  turbulent flame, an agkeement that was w e l l  within 

- Experimental  error. - The sources of error i n  the experimental 
results l i e  i n  (a) the  gas  metering system, (b)  the  photomultiplier  tube, 
(c)   the  photographic  surface area measurements, and (d)  the   p i lo t  flame 
for the  turbulebt flames. A check on the   reprducib i l f ty  of the  inten- 
s i t y  measurements for given  flow-meter sett ings w a s  maintained by meas- 
uring  the  intensity of a "stasdard" laminar flame several times during 
every  period of work. To determine the  effect  of the smal l  annular 
pi lo t  on the s m a l l  tube f l a m e  htensities, a given f h e  was measured 
with minimum and maximum possible pilot flames. For the lat ter case, 
the  intensity w a s  never  increased more than 3 percent over the  value 
at minimum p i l o t  size. Usually the   p i lo t  w a s  kept st an intermediate 
s i z e   t o  minimize its effect.  Several  photographic  surface  area meas- 
urements on a given laminax flame showed a deviation from the average 
of 23 percent. 

The intensi ty  measurements on both the laminar and turbulent flames 
also gave a deviation from the mean of &3 percent;  this value is  thus 
given as a measure of the  precision of a l l  the experimental data re- 
ported  herein. 
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Figure 2. - D i a g r a m  illustrating geometric: principles of light flux 
measurement. Conditions: R >> d; B small enough that 0 = tan 0 ." - .. .. " 
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(a) Relative  sensitivity of photomultiplier  tube. 

(b) Percent  transmission of blue .f i l ter .  

0 3 
co 
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"\ 1 
OE CH c-c 

(d) Location of band spectra in propane-air flame. 

.28 .30 .40 . . .50 .58 

.Wave length, I-I 

Figure 4. - Optical  properties of. photomultiplier tube, filters, and 
propane-air flames used in radiant flux measurements. 
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Figure 5 .  - Variation of laminar flame Intensity with fuel flow. 
Burner diamster, 1.024 oentimeters. 



22 NACA RM E W 2 9  

(b) Blue filter. 

Figure 5. - Concluded. Vaxlaticn of laginax flame b t a n 8 i t y  
with fuel flow. Burner  diameter, 1.024 centimeters. 
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Surface area, eq (PI1 

(b) Blue filter. 

Figure 6. - Conoludad. Variation of Lami2lkl. flame in tenal ty  with flrurae eurfaoe area. Burrrer 
diameter, 1.024 centimetars. 
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Figure 7. - Variation of laminar flame filter in temi ty  ratio with equivalence ratio. 
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Figure 9. - VarZation of 'irun.lnR1. flsme intensity with. me1 
flaw for severaLburnera. Equivalence ra t io ,  1.00; 
yenow f f l t e r  . 
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(b)  Blue f i l t e r .  

Flgwre 11. - Cmaluded. Variation of turbulent flame intens i ty  with fuel flw. 
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Figure 14. - Flame speeds of turbulent propane-air flamee a8 measured by radiation method. Eaoh 
point is average of meesurementa ualne; blue and yellow filters. 

. .   . .  



- -  . . . .  c t 

t 
I 

I 


